Abstract. In cognitive radio network (CRN), multichannel spectrum sensing can bring cognitive users more spectrum opportunities. Immediately, how to perform spectrum sensing turns into an interesting question. To find the answer, we focus on sequential multichannel sensing from a perspective of maximizing the energy efficiency (EE) of CRN in this paper. The EE of CRN is firstly modeled as the mean of throughput-to-power ratio. Based on the model, an optimization problem is further set up to explore the effects of the number of sensing channels on the EE of CRN. Theoretical and simulated results finally indicate that the number of sensing channels has a tiny effect on the EE of CRN in the case that sequential channel sensing and instant channel access once finding an idle channel. However, the more channels are sensed sequentially, the larger throughput achieves. Our results may make some insights on efficient MAC frame design.
Introduction
With the fast development of the mobile Internet, not only humans but also devices are being interconnected. This paradigm shift has led to the concept of the Internet of Things (IoT) [1] . However, a large number of connected devices, as envisioned for the IoT, will create challenges in terms of spectrum scarcity and significant control overhead, which falls into the solution domain of cognitive radio networks (CRNs), since the cognitive radio technology has dynamic spectrum access capability and efficient spectrum utilization [2] . In a simple term, the unlicensed users (secondary users, SUs) explore potential opportunities to use and could not interrupt the data communications of the authorized users (primary users, PUs) at the same time [3] . Ever since the concept of cognitive radios was introduced, extensive research efforts have been made to the enabling technologies for cognitive radios, such as channel occupancy modeling, spectrum sensing, spectrum decision and resource allocation. [4] presents a survey of some decentralized MAC protocols for CRN with analysis and comparative assessment of CR-MAC protocols. And a comprehensive survey of the state-of-the-art channel assignment algorithms, to assign the available channels to cognitive radio interfaces of SUs to achieve efficient spectrum utilization, are presented in [5] where similarities and differences as well as strengths and weaknesses of these algorithms are investigated.
In fact, to maximize the throughput or spectrum efficiency (SE), SUs would utilize large transmission power levels, which may result in serious degradation of their energy efficiency (EE), thus motivate works dealing with the issues of CR energy efficiency [6] . In [7] , some energy efficient sensing-access strategies for sequential sensing were studied. And in [8] , the authors discussed the energy-efficient transmission of SUs with variable transmission duration and interference to PU. In [9] , the authors jointly determined the sensing duration and transmission duration for an energy-efficient design of CR networks by assuming that the PU does not reoccupy the channel during CR transmission, where transmission duration is regarded as a function of sensing duration.
[10] focused on a joint design of energy-efficient sensing and transmission duration for a cognitive radio system in which the PU was protected sufficiently.
However, these researches above mainly aim at improving spectrum efficiency from the perspective of time and channel scheduling, neglecting the potential optimization from the space perspective [11] . Since the available channel set (ACS) for a SU may be time-varying in different locations, the literature [12] researched the cognitive D2D communication optimization issue where the SUs moved randomly in an ultra-dense small-cell network and thus the ACS for each SU varied in space. Herein, how to perform spectrum sensing and spectrum access under a time-varying and space-varying ACS turns a very important issue, which inspires our research. In this paper, we focus on an issue how many channels should be sensed in CRN from an EE perspective to partly answer the problem mentioned above. Taking into account sequential multiple channels sensing and instant channel access at a time finding an idle channel, a sensing-then-transmission time scheduling scheme is presented first. Then the EE of CRN is derived, based on which an EE optimization problem is formulated. Simulation results further disclose the relationship between spectrum sensing and the EE of CRN.
The rest of this paper is organized as follows. Firstly, the CRN system model and spectrum sensing scheme are introduced. In the following, the EE of CRN is modeled, and an EE optimization problem is proposed. Finally, simulation results are discussed and the conclusion on the whole work is given.
System Model CRN System Model. Consider a CRN scenario with a wideband spectrum divided into N non-overlap channels and each channel has the equal band W and indexed by the label i, iI  , Figure 1 . The PUs are provided with the priority for spectrum access and the SUs can access the spectrum holes opportunistically with period spectrum sensing. To find spectrum holes as far as possible and reduce sensing time overhead at the same time, each SU needs to sense at most K( KN  ) channels in sequence until it finds an idle channel to access in each sensing period. Distributed spectrum sensing is performed, and each SU can independently select K channels to sense. If a SU cannot find an idle channel after finishing sensing K channels, it will be refused directly.
A sensing-then-transmission time slot structure, namely the MAC frame, is adopted by SUs, as shown in Figure 2 . Herein the time overhead for sensing one channel, termed one base sensing time unit (BSTU), is  , and the sensing period is T, thus the available transmission time for SUs is t
T T K 
, where K denotes the number of sensed channels. Note that K is a variable related to the dynamics of channels' occupation. For simplicity, we assume that the PUs also use a slotted-time transmission structure, and share the same timing synchronization system as the SUs. all channels are equivalent and afford the same data traffic load. According to [13]  denote the arrival rate and departure rate of PUs' traffic, respectively. As an estimation of i X , the sensing outcome, denoted by ˆi X , iI  . Using the energy detection scheme, the sensing quality, usually evaluated with the detection probability , di P and false alarm probability i f P , , can be calculated as [14] : For a given d P , the false alarm probability and misdetection probability can be expressed as 
Energy Efficiency Modeling and Optimization
In this section, we model the energy efficiency (EE) of SUs, then try to find the relationship between the EE and the spectrum sensing scheme. Define the EE of SU as the throughput-to-energy ratio, which evaluates the bits/second carried on a unit bandwidth with unit energy consumption. According to the system model, a SU needs to sense at most K channels sequentially until it finds one idle channel to access. That is to say, the SU may sense at least one channel and at most K channels in each sensing period. Hence the sensing time overhead in each frame may range from one BSTU  to N BSTU N , which results in the available transmission time for the SU varying, thus the throughput of the SU and the power consumption change accordingly. The detailed analysis is as follows given the sensing channels labeled 1, 2, ... , K. 
indicates the average channel capacity when the SU operates in the presence of the PU.
P T P is the transmit power of the PU. And T P and S P denote the transmission power and sensing power of the SU respectively. Owing to the nature of data transmission and data reception, we can have TS PP  . N 0 is the background noise power spectral density and W denotes the spectrum bandwidth.
Furthermore, the total average throughput achieved by the SU, denoted by total R , and the total average energy consumed by the SU, denoted by total E can be respectively calculated as
As a result, the average EE of SU, defined as the total throughput-to-energy ratio, can be further deduced as
The EE optimization problem can further be formulated as
. .
Obviously, it is hard to find the analytical solution of Eq. (10). However, in view of the control variable K being a positive integer, we can find the optimal solution of Eq. (10) through searching method. The results are presented in the next section.
Simulation Results
In this section, simulations and comparisons are performed based on MATLAB. Unless stated otherwise, simulation parameters are all given in Table 1 . , which implies that the smaller the idle probability of the channel is, the more channels are needed to sense to get enough spectrum access opportunities. Figure 4-6 shows the achievable throughput, the energy consumption and the EE against the number of sensing channel K. We can see from Figure 4 and Figure 5 that the tendency and inflection point of the throughput curve are similar with the energy consumption curve. The reason is that the sensing time is much smaller than the achievable transmission time, and the sensing power is also much smaller than the transmission power. Thus the influence of the transmission process on the throughput and energy consumption is dominant in the whole sensing-then-transmission process.
As shown in Figure 4 , the throughput of the SU rises to its highest point then remains stable. We can find that the curve keeps steady when the number of sensing channels is larger than, K peak , a variable related to the channel availability case. For example, the minimum value of K corresponding to the highest point of the curve equals 5, 9, 20 under the channel availability case being (0.8, 0.2), (0.5, 0.5) and (0.2, 0.8). This feature explains why the curve rises to highest point then keeps stable: the increase of access probability leads to more channel access opportunities thus resulting in the increase of throughput under K=K peak . The throughput keeps stable when K≥K peak because the access probability tends to one now due to that the SU always can find an idle channel to access if it sensed sufficiently much channels. And similar observation and analysis can be applied in the curves of energy consumption, as shown in Figure5. Figure6 shows an interesting result that the EE of SU remains stable with K varying and the most significant factor affecting EE is the channel availability. The higher the channel idle probability is, the higher the EE achieved. Although the simulated EE curve and theoretical EE curve match well, there is still a tiny gap between them given 01 ( , ) (0.2,0.8) PP , which replies that opportunistic spectrum access in a "sensing-then-transmission" manner is unsuitable in the case of poor channel condition.
Synthesizing the above analysis, we can draw a conclusion that the number of sensing channels has nearly no effect on the EE of SUs under sequential channels sensing and instant channel access at a time finding an idle channel. But the number of sensing channels has an obvious effect on the throughput of CRN, especially when K<K peak . Thus we can just focus on maximizing the throughput optimization while without considering the EE in CRN. Moreover, no less than K peak channels should be sensed to make the throughput reach maximum. However, the variability of transmission slot increases the difficulty of frame structure synchronization in the practical application.
Conclusions
In this paper, we have studied the multichannel spectrum sensing from a perspective of EE. Taking into account a sensing-then-transmission time scheduling scheme, an generalized EE model for CRN is derived, based on which an EE optimization problem is formulated as well. By resolve the problem, the relationship between the number of sensing channels and the EE of CRN is found. Theoretical and simulated results finally indicate that the number of sensing channels has a tiny effect on the EE of CRN in the case that sequential channel sensing and instant channel access once finding an idle channel. However, the more channels are sensed sequentially, the larger throughput achieves. 
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